INTRODUCTION
In eukaryotic cells, mitotic exit occurs only after Cdk inactivation. In budding yeast, the mitotic exit network (MEN) governs Cdk inactivation. MEN consists of the protein phosphatase Cdc14, the ras-like GTPase Tem1, protein kinases Cdc15, Cdc5, Dbf2 and Dbf2-binding protein Mob1 (Morgan, 1999; Toh-e et al., 2001) . The downstream target of MEN is Cdc14, which is localized in the nucleolus. Cdc14 has the critical role of inactivating Cdk via dephosphorylation of at least three targets, the Cdk inhibitor Sic1 to stabilize it, the SIC1 transcription factor Swi5 to enter the nucleus, and anaphase promoting complex (APC) activator Cdh1/Hct1, resulting in destruction of mitotic cyclins (Jaspersen et al., 1999; Visintin et al., 1998) . Cdc14 activation is thought to be dependent on its release from the nucleolus in late mitosis in response to signals from Tem1, Cdc15, Cdc5 and Dbf2 (Shou et al., 1999; Visintin et al., 1999) .
Key factors of the MEN, including Dbf2 and Mob1, have been reported to have structural or functional homologues in mammmals. Fission yeast Sid2 kinase and Mob1, counterparts of budding yeast Dbf2 and Mob1 respectively, are essential for cytokinesis and have been shown to be localized at the SPBs and the division ring (Sparks et al., 1999; Hou et al., 2000; Salimove et al., 2000) . A human homologue of Dbf2 kinase, h-warts/LATS1, has been identified and demonstrated to negatively regulate Cdc2 activity in mitosis . h-warts/LATS1 protein localizes to the centrosome in interphase and translocates to mitotic spindles in mitosis, and to the midbody by telophase (Nishiyama et al., 1999) .The warts kinase was first identified as a tumor supressor of Drosophila melanogaster (Watson, 1995) and mice deficient of LATS1 have been shown to develop malignant tumors (St. .
It has been reported that Dbf2 kinase activity is negatively regulated by the Bub2-dependent spindle checkpoint (Fesquet et al., 1999 ) and a temperature-sensitive dbf2 mutant has a 100-fold increase in the rate of chromosome loss (Toyn and Johnston, 1993) . Dbf2 kinase binds to and acts through Mob1 protein (Komarnitsky et al., 1998) . The mob1 temperature-sensitive mutants are not only defective in mitotic exit but also have an increased ploidy at permissive temperatures . Therefore, studies on Dbf2 and Mob1 will provide clues to the genomic instability resulting from unsuccessful mitotic progression.
Recently, Tem1, Dbf2, Cdc5 and Cdc15 have been reported to be localized to the spindle pole body (SPB) (Bardin et al., 2000; Pereira et al., 2000; Xu et al., 2000; Frenz et al., 2000; Asakawa et al., 2001 ). Here we report that Mob1 protein localizes to the SPBs and the bud neck and that Dbf2 and Mob1 change their localization during cell division. Their neck localization strongly suggests that they are required for cytokinesis. We also report that the localization of Dbf2 and Mob1 to the SPBs does not depend on spindles, that their translocation to the neck is inhibited by Bub2, and that Dbf2 and Mob1 local-ize to the neck in a Cdc14-dependent mannner, suggesting that they function in cytokinesis at the end of the signaling cascade.
MATERIALS AND METHODS
Yeast strains and culture Growth media for yeast and general yeast genetic methods are described in (Hoyt et al., 1991) . All the yeast strains used were derivatives of W303. SAY098 strain was constructed by one-step replacement using primers Pbub2::HIS3.5 (GTAAAAGAAACAACAGACTTTTAAACTTGTTAACTTTTGCcgatcaacgtacagtgg) and Pbub2::HIS3.3 (GTAGAATTAAACGATAAAATATAATATTTCTTCACATAGTgacaatctggcagctcg) and the Candida glaburata HIS3 gene as a marker (Uppercase letters indicate a part of the sequence of BUB2 and lowercase letters indicate a part of the sequence of C. glaburata HIS3). Verification of gene disruption or genomic modification was confirmed by PCR with appropriate primers. Strain SAY803 was made by transformation with pDMIU1 which had been linearized with EcoT14I. SAY804 was made by transformation with pDGIU1which had been linearizd with EcoT22I. SAY811 was made by transformation with PCR product made using pFA6a-His3MX6-P GAL1 -GFP as template and PfMOB1 (TCAACAAAATTTT-CCTAATT CAATAAGGACTTCAATTTCCgatccccgggttaattaa) and PrMOB1 (AAAAGAAAATAGCAACATACAAATTTTGTAGAAAAGACATtttgtatagttcatccatgc) as primers (Uppercase letters indicate a part of the sequence of MOB1 9myc-6His this study pTS910IU GFP this study pFA6a-His3-MX6-P GAL1 -GFP P GAL1 -GFP J. Pringle and lowercase letters indicate a part of the sequence flanking the HIS3MX6-P GAL1 -GFP segment). SAY701 was made by transformation with pIQG1-GFPILwhich had been linearized with EcoT22I. Other strains used in this study were derived from genetic crosses between the strains described above.
Plasmids Standard procedures were used for recombinant DNA manipulations (Sambrook et al., 1984) . PCR reactions were performed using an Expand high fidelity PCR kit as recommended by the manufacturer (Boehringer Mannheim). Oligonucleotides were synthesized by Nisshinbo (Japan). The SphI-SalI fragment of pTS910IU was replaced with the SphI-SalI fragment of pDGIT1 generating pDGIU1. The SphI-SalI fragment of pTS910EU was similarly replaced as above generating pDGEU1.
The SphI-SalI fragment of pTS910CU was replaced with the SphI-SalI fragment carrying the MOB1 gene cloned by PCR using genomic DNA of W303-1A and PfMOB1-500Sph1 (AAGCTTGCATGCATGTATACCTTTTATTGT) and PrMOB1-CSal1 (ACTAGAGTCGACCCTATCCCTC-AACTCCAT) as primers, generating pMGCU1.
Microscopic techniques
Images were recorded using an Olympus IX70, UPlanApo100x /1.35 objective with a SENSYS III(Nippon roper) cooled CCD camera and IP Lab software. Yeast actin was visualised with rhodamine conjugated phalloidin (Molecular Probes). For observation of GFP-tagged proteins, cells were washed with PBS and images were recorded within 10 minutes unless cells were first fixed with 3.7% folmaldehyde for 10 min. Indirect immunofluorescence microscopy was carried out essentially as described in . Cells were fixed with 3.7% formaldehyde at room temperature for 5 minutes. Anti-myc antibody (9E10, Boehringer) or anti β-tubulin antibody (YOL1/34) was used for the primary antibody and the FITC-conjugated goat antimouse IgG antibody (Boehringer Ingelheim) or the Cy3-conjugated mouse anti-rat IgG antibody (Jackson Immuno Research) for secondary antibody.
Images were analyzed with the IP Lab software, and the figures were created with an Adobe Photoshop 5.0 software.
RESULTS
Change of the localization of Dbf2 during cell division Dbf2 kinase activity is cell cycle regulated, and the activity peaks in late mitosis (Xu et al., 2000) . Its subcellular localization has been reported by Frenz et al. (2000) . To further study the localization of Dbf2, pDMIT1 was used to tag the DBF2 gene with 9 copies of myc (Dbf2-myc) at its carboxyl terminus. The Dbf2-myc construct was found to be functional because it suppressed the temperature-sensitivity of a dbf2-2 mutation (data not Fig. 1 . Dbf2 localized at the SPBs and the bud neck in a cell cycle-dependent manner A. Rapidly growing wild-type cells (DBF2) and SAY803 cells (DBF2-myc) in nutrient medium at 25°C were stained. The myc epitope and β-tubulin were stained with FITC (green) and Cy3 (red), respectively, by the indirect immunofluorescent method. DNA was stained with DAPI (blue) and all colors were merged in (I) and (II). In the late mitotic cells, Dbf2-myc was seen at the neck region and at both the SPBs (III). B. I, Cells overproducing Dbf2-GFP (green) from a multicopy vector (pDGEU1) were grown in synthetic complete medium without uracil to logarithmic phase. The cells were harvested and fixed, and GFP fluorecence was observed. II, Actin and DNA were co-stained in the cells with Dbf2-GFP at the neck. Actin was stained with rhodamin-conjugated phalloidin (red), DNA with DAPI (blue), and GFP fluorescence was displayed as green. III, The cdc14-1 cells containing pDGEU1 grown in synthetic complete medium without uracil at 25°C were arrested for 3 hours at 37°C, fixed, and stained as in II. Dbf2-GFP signals were seen at both pole regions of separating nuclei, and as cytoplasmic dots which did not colocalize with actin patches were seen. C. SAY801 (dbf2-2) cells and SAY702 (dbf2-2, igg::IQG-GFP) cells grown to logarithmic phase in nutrient medium at 25°C were arrested for 3 hours at 37°C and fixed. I, Actin and DNA; II, Igg-GFP. D. Wild type cells and SAY098 (bub2) cells overproducing Dbf2-GFP (pDGEU1) were cultured in the presence of 15 mg/ml nocodazole at 25°C for 3 hours. Photos of GFP fluorescence were taken after fixation. C. SAY801 (dbf2-2) and SAY141 (cdc14-1) cells containing pMGCU1 were arrested in telophase by the incubation in nutrient medium at 37°C for 3 hours. The GFP signal of Mob1-GFP was detected after fixation.
shown). The production of Dbf2-myc was confirmed by Western blotting and the cells (SAY803) were processed for triple staining of myc-tagged protein, β-tubulin, and DNA. Dbf2-myc was detected at both pole regions of the anaphase spindles (Fig.1A II) , indicating that Dbf2-myc localizes to the SPBs during mitosis but not in other phases of the cell cycle. In the absence of Dbf-myc, no such a staining was observed (Fig.1A I ). Dbf2-myc was found to localize at the neck region in some cells in the late mitotic phase (Fig.1A III) suggesting Dbf2's role in cytokinesis. While our studies were in progress, Frentz et al. (2000) reported that Dbf2-GFP localized at the SPBs throughout the cell cycle and at the neck in late mitosis in the living cells. Our observation that Dbf2 did not localize to the SPB in unbudded or small budded cells is disagreement with that of Frentz et al. (2000) . To examine whether this difference was due to the method of detecting Dbf2 localization, we tagged Dbf2 with GFP (Dbf2-GFP) at its carboxyl terminus so that Dbf2 could be observed in the living cells. Our Dbf2-GFP construct was functional as judged from the suppression of the dbf2-2 mutation (data not shown). The Dbf2-GFP signal was very weak and hardly detectable in unbudded cells or small-budded cells, but showed increased intensity at both SPBs in late mitosis (not shown). When Dbf2-GFP was overexpressed from a yeast 2µ DNA vector, the Dbf2-GFP signal was seen at the SPBs even in a cell with a small bud (Fig.1B I) . Therefore, we concluded that Dbf2-GFP localized to the SPB weakly during interphase and strongly during mitosis. The neck localization of Dbf2-GFP was seen only A.
B. C.
Mob1-GFP GFP-Mob1
Mob1-GFP dbf2-2 cdc14-1 DNA in the late mitotic phases even when Dbf2-GFP was overproduced ( Fig.1B I) , and preceded actin ring assembly as judged from the double staining of Dbf2 and actin (Fig.1B  II) . It should be noted that the neck localization of Dbf2-GFP was absent in the cdc14-1 mutant (Fig.1B III) . We also found that Cyk1/Iqg1, which is required for the actin ring assembly and localizes to the neck in anaphase (Liu et al., 1997) , did localize to the neck region (Fig.1C II) , but the actin ring was absent in the dbf2-2 mutant (Fig.1CI) . We also examined whether the disturbance of microtubules would affect the localization of Dbf2-GFP. Nocodazole disrupts microtubule structures and causes arrest of cells in metaphase. Dbf2-GFP localized at both SPBs in nocodazole-treated cells (Fig.1D) , indicating that SPB localization of Dbf2 does not require microtubule organization. It is known that the Dbf2 kinase activity is kept low by the Bub2 spindle checkpoint when treated with nocodazole (Xu et al., 2000) . We tested the Dbf2-GFP localization in the bub2 strain after treatment with nocodazole for 3 hours. The bub2 mutant is not arrested by nocodazole, and the cell cycle in the nocodazole-treated mutant progresses without nuclear division or cytokinesis (Hoyt et al., 1991) . In the bub2 cells, the SPB localization of Dbf2-GFP was normal but Dbf2-GFP localized to the neck in some bub2 cells (Fig.1D) , which did not occur in the wild-type control. These results suggest that the neck localization, but not the SPB localization, of Dbf2-GFP is under the Bub2 checkpoint control and that Dbf2-GFP localizes to the SPB and the bud neck in a microtubule-independent manner. Dbf2 forms a complex with Mob1 and the complex formation is required for Dbf2 kinase activity. However, Dbf2 localized to the SPB in the absence of Mob1 activity (Frenz et al., 2000) . Frenz et al.(2000) showed that neck localization of Dbf2 was blocked in either of cdc5, cdc15, cdc14, or mob1 mutant.
Mob1 localized to the SPBs during mitosis and to the bud neck in late mitosis Next, we examined the localization of the Mob1 protein, which associates with Dbf2 and is essential for the completion of mitosis (Toyn and Johnston, 1993; Bardin et al., 2000) . Mob1 was GFPtagged at its carboxyl terminus and expressed under its own promoter on a low-copy-number plasmid in wild-type cells. Mob1-GFP was dispersed in interphase cells but localized to both SPBs during anaphase and to the bud neck in late mitosis ( Fig. 2A) . It is also evident that Mob1-GFP accumulated in nucleus. Assessment by GFPtagging at its N-terminus and expression under the GAL1 promoter showed the same localization pattern (Fig.2B) . We then examined whether the SPB localization or neck localization of Mob1 might depend on DBF2, because these proteins form a complex in vivo. Frenz et al.(2000) reported that Dbf2 localization to the bud neck, but not to the SPB, is dependent on Mob1 function. In the dbf2-2 mutant, Mob1-GFP localized to both poles but not to the neck (Fig. 2C) , suggesting that the localization of Mob1 at the SPBs does not require Dbf2. The neck localization, but not the SPB localization, of Mob1 as well as Dbf2 was absent in the cdc14-1 mutant (Fig. 2C ), indicating that Cdc14 activity is required for the neck localization of both Dbf2 and Mob1.
DISCUSSION
We reported here that Dbf2 and Mob1 localize to the SPBs and to the bud neck. The SPB localization of Dbf2 reported by Frentz et al. (2000) is somewhat different from that found here. This discrepancy may be due to the difference in the expression level of Dbf2, because Frenz et al. (2000) used the cells carrying three copys of DBF2-GFP whereas we used cells carrying a single copy or multiple copies of DBF2-GFP. Our finding that Mob1 localizes to the SPBs and the bud neck is not surprising because Mob1 associates with Dbf2 and was first identified as a binding partner of Mps1, an essential regulator of SPB duplication and the spindle checkpoint . We found that the SPB localization of Mob1 was not affected by the dbf2-2 mutation and Frentz et al. (2000) reported that the localization of Dbf2 did not depend on Mob1. Therefore the SPB localizations of Mob1 and Dbf2 are not interdependent. In contrast, localization of Mob1 to the bud neck was dependent on Dbf2 and vice versa. It should be noted that distribution of Dbf2 is different from that of Mob1 in cdc14-1 cells, implying that Dbf2 and Mob1 do not form a complex uder these conditions.
Why these proteins localize to the SPBs and how they move to the bud neck is presently unknown. The facts that the SPB localization of Dbf2 and Mob1 is not interdependent and that the neck localization of Dbf2 and Mob1 is interdependent suggest that these proteins form a complex at the SPB and move to the neck as a complex. Their SPB localization may be essential because mutation in the NUD1 gene, which encodes a structural component of the SPB outer plaque, abolished the SPB localization of Dbf2 and Mob1, and the mutant cells failed to exit from mitosis and to undergo cytokinesis (S.Y. and A.T., unpublished). The SPB may be used as a site of interaction between Dbf2 and Mob1. As for the mechanism of the movement of Dbf2 and Mob1 from the SPB to the neck, the following two observations should be considered. The localization of fission yeast Sid2 kinase, a counterpart of Dbf2, to the cytokinetic medial ring was reported to be dependent on both microtubules and actin (Spark et al., 1999) and Frentz et al. (2000) suggested that the neck localization of Dbf2 depended on the spindle microtubules. However, our observation that Dbf2-GFP localized to the bud neck in the nocodazole-treated cells when the Bub2 checkpoint was absent suggests that the neck localization of Dbf2 is not totally dependent on microtubules. The fact that Fig. 3 . A model for the role of Dbf2 and Mob1 at the end of mitosis. Dbf2 and Mob1 localize to the SPBs to form a complex during mitosis (1) and then Dbf2 and Mob1 act to release Cdc14 from the nucleolus in late anaphase (2). Activated Cdc14 eliminates the mitotic Cdk activity (3) and Dbf2 and Mob1 move to the bud neck in a Cdc14-dependent manner to assemble the contractile ring to drive cytokinesis (4).
Dbf2-GFP and Mob1-GFP often form dot-like structures which do not colocalize with actin patches in late mitosis ( Fig.1.C) suggests that Dbf2 and Mob1 might be transported by vesicle transport. One implication is that the Tem1 GTPase, which is the direct target of the Bub2 checkpoint (S.Y and A.T in preparation), may have a function like that of the Ypt/Rab superfamily, which regulates vesicle transport. The nocodazole-treated bub2-null cells failed to undergo cytokinesis even though Dbf2 could localize at the neck, implying that microtubules are required for the transport or activation of some regulator(s) of cytokinesis other than Dbf2.
Our findings that the neck localization of Dbf2 preceded the actin ring assembly and that the actin ring is absent in the dbf2-2 mutant strongly suggest that Dbf2 has a role in contractile ring formation. Another finding by Frenz et al. (2000) and ours, namely that the neck localization of Dbf2 and Mob1 is dependent on Cdc14, is of great interest because Cdc14 has been believed to be a downstream target of Dbf2 in Cdk inactivation. It has recently been shown that Cdc15 kinase, which is essential for the release of Cdc14 from the nucleolus, is the target of Cdc14 and a non-phosphorylated form of Cdc15 was hyper-active in vivo (Jaspersen and Morgan, 2000) . It is possible that Dbf2 or Mob1 (or both) is the substrate of Cdc14 phosphatase because Dbf2 and Mob1 are phosphorylated during mitosis (Liu et al., 1997) . If this is the case, then another question arises; how does nuclear protein Cdc14 interact with Dbf2 and Mob1 which localize at the cytoplasmic face of the SPB?
In conclusion , we propose a model (Fig.3 ) in which Dbf2 kinase has dual roles in completing mitosis. First, Dbf2 acts to release Cdc14 phosphatase from the nucleolus to activate it, and then, in turn, Dbf2 is modified by Cdc14 and moves to the bud neck to drive cytokinesis. In conclusion, our results suggest that Dbf2 and Mob1 function in cytokinesis at the end of the mitotic exit signaling cascade, and that Cdc14 is required for cytokinesis as well as Cdk inactivation.
